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Introduction 

The Mouse Mammary Tumor Virus (MMTV) which causes mammary 
carcinomas in mice has been used a model system to study the influence of 
chromatin structure on gene regulation and the mechanism for mammary 
tissue specific gene expression. MMTV is expressed most highly in the 
mammary gland during pregnancy and lactation and infection of the pups 
occurs when viral particles are secreted in the milk. Therefore, it has been 
suggested that the MMTV LTR may be regulated in a similar manner to 
other milk protein genes. During pregnancy the alveolar epithelial cells 
form alveoli which secrete milk proteins directionally into a central lumen in 
response to prolactin, growth hormones and glucocorticoids. The 
transcription process by which the milk proteins are regulated has been 
characterized for several of the genes including Whey acidic protein (WAP) 
and ß -casein. 

One tissue culture system that retains many characteristics of the 
primary mammary gland is the cell line CID-9 that was developed by Dr. 
Bissell and colleagues to study transcriptional regulation of the ß-casein 
gene promoter (1). CID-9 cells are readily transfectable and secrete ß-casein 
into a central lumen when placed in serum-free media in the presence of 
lactogenic hormones and extra-cellular matrix (ECM). The ECM used in 
this system is a solublized basement membrane extracted from Engelbreth- 
Holm-Swarm (EHS) mouse sarcoma cells. Its major components are 
laminin, followed by collagen, proteoglycans and several growth factors 
such as TGF-ß and FGF that are secreted by the tumor cells. When cultured 
in differentiation media (without serum in the presence of ECM and 
lactogenic hormones) CID-9 cells form glandular structures that are 
functionally identical to differentiated primary mouse mammary epithelial 
cells (PMME's). It was shown previously that the activation of ß-casein and 
the MMTV LTR by ECM requires that the DNA be stably integrated since 
transiently transfected DNA is not activated by ECM (2). 



only at higher doses that the LTR is repressed. They propose a model where 
a moderate level of histone acetylation enhances LTR transcription and that 
only when a heavy state of acetylation occurs is the LTR repressed. We have 
been unable to show activation of the full length LTR with either drug in 
CID9 cells which are a more relevant model for MMTV LTR gene 
expression. However, we have preliminary results in C127 derived cells that 
the LTRLUC construct that we use is also upregulated at low doses of 
Trichostatin A confirming the work published by the Beato laboratory. 

In this study we show a DMS cleavage that is specific for CID9 cells 
stably transfected with the MMTV LTR occuring only when the cells are 
grown in differentiating conditions. This cleavage maps to a sequence that 
has been implicated by several independent laboratories as a negative 
regulatory element for MMTV (7,8,9). It occurs directly adjacent to a 
putative ETS binding site that has been shown to bind recombinant ETS-1 in 
mobility shift assays (data not shown). This is the first time that a structural 
change in DNA in vivo has been shown for mammary epithelial cells 
differentiated in tissue culture. Further studies are necessary to determine 
which sequences in the MMTV minimal promoter are necessary for the 
ECM response and may be critical for optimal MMTV expression in the 
mammary gland of lactating mice. 



Results 

In this study we analyzed the MMTV LTR and determined which 
DNA sequence elements mediate the response to differentiation on 
extracellular matrix. We show (Figure 1A and B) that the 5' 125 bp of the 
LTR is required for optimal expression of the LTR in both undifferentiated 
(growth media on plastic) and differentiated cells (differentiation media plus 
ECM). The proximal 200 bp of the LTR which includes the glucocorticoid 
response elements (GRE's), NF1 and OTF1 binding sites is sufficient to 
mediate the ECM response (Figure 1C). We show in vivo DMS footprinting 
using LMPCR (Figure 2) which implicates a sequence at -151 which is 
cleaved when the cells are plated on Polyhema, an agent which causes 
differentiation analogous to ECM, and not on plastic. This study implicates 
DNA structure or a transacting factor altering the DMS sensitivity at this site 
in differentiated epithelial cells. 

In addition, we tested whether the ECM-response mechanism is 
altered by the presence of chemicals that modify histone structure by altering 
their acetylation state. It has been shown previously that sodium butyrate, 
an inhibitor of histone deacetylase, inhibits transcription from the MMTV 
LTR (3). We tested the effect of sodium butyrate and a more specific 
inhibitor Trichostatin A on the transcription of the LTR in both the presence 
and absence of hydrocortisone and ECM (Figure 3 A and ref. 2). We show 
that the LTR is inhibited by both sodium butyrate and Traichostatin A and 
that the effect is independent of hydrocortisone and ECM. 



CONCLUSION 

The MMTV LTR is upregulated by ECM only when the DNA is 
stably integrated into the CID-9 cells. We propose that a combination of 
chromatin organization, three-dimensional nuclear structure and cooperative 
transcription factor binding determine the activity of the MMTV LTR. The 
regulation of mammary epithelial cells by their extracellular environment 
most likely plays an important role in the high expression of MMTV in the 
lactating mammary gland. 

This study addresses the question of how tissue specific expression of 
the MMTV LTR is established. Since all of the factors that bind to the LTR 
are expressed in many cell types, we designed a study to determine 
additional mechanisms by which the LTR expression is enhanced or 
restricted. This study elucidates two interesting mechanisms by which the 
LTR is regulated. The first is an upregulation of the MMTV LTR by the 
presence of factors that are present in the lactating mammary gland (eg. 
ECM). The second is a downregulation of the LTR by agents that cause 
accumulated histone acetylation that presumably alters chromatin structure. 

There are several ways in which ECM could modulate MMTV gene 
expression. First the ECM could induce the levels or binding activity of NF1 
or OTF1. However, in vitro EMS A indicates that these required factors are 
present and able to bind DNA independent of the ECM (data not shown). 
This is in contrast to the ECM dependent induction of albumin expression in 
hepatocytes where liver specific gene transcription depends on the presence 
of liver-enriched transcription factors which are upregulated in hepatocytes 
cultured on ECM (4). 

The fact that MMTV is repressed in the presence or absence of ECM 
upon treatment with inhibitors of histone deacetylase suggests that histone 
modifications do play a role in specific gene regulation. However, the fact 
that the beta-casein BCE-1 enhancer (another ECM responsive gene) is 
activated by the same treatments suggests this is not a generalized 
phenomenon (2). One potential explanation is that MMTV requires an 
ordered histone/DNA interaction for proposed structural transitions that 
permit subsequent loading of necessary factors and activation of 
transcription. In a recent paper Beato and colleagues analyzed the effect of 
sodium butyrate and Trichostatin A on the MMTV LTR stably integrated 
into C127 (mammary epithelial derived) cells (5). They show that at low 
doses of acetylase inhibitor there is a slight activation of the LTR and it is 
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Figure 1 

Analysis of MMTV deletion constructs in CID9 cells (stable pools) shows that the 5' end is 
required for optimal expression and that the minimal promoter (-200) contains an ECM-response 
element. 
A and B) The relative Luciferase activity of full length LTR LUC (LTR) and several 5' deletion 
constructs (-1070, -870, and -200) which are deleted from the 5' end at -1320 bp up to the sequence 
indicated (10). Ban2-LUC contains the Ban2 element (-1075 to -978) cloned in front of-200 LUC (6). 
These plasmids were stably transfected into CID9 cells and maintained as stable pools in culture before 
testing the activity of each transfectant in the presence or absence of ECM. In each case, the cells were 
cultured in Differentiation media (DMEM/F12, glutamine,5ug/ml insulin, 3ug/ml prolactin, no serum, 
plus of minus lug/ml hydrocortisone) in the absence (A) or presence (B) of ECM for several days 
before harvest and analysis. The numbers are the average of several experiments and are corrected for 
total protein. 
C) A ratio of the previous two graphs showing the ECM-response for each transfectant in the presence 
(ihp) or absence (ip) of Hydrocortisone. The legend at the right shows which plasmid is represented. 
D) A ratio of the Luciferase activity for each construct plotted +Hydrocortisone / -Hydrocortisone 
illustrating the fact that the ECM response is independent of the hormone response of the LTR. 

Figure 2 

In vivo DMS footprinting of MMTV LTR showing a DMS-specific cleavage at -151, a putative 
ETS-1 binding site. 
CID-9 cells stably transfected with LTR-LUC were analyzed in both the undifferentiated and 
differentiated state using DMS and Potassium Permanganate cleavage followed by LMPCR with a 
nested primer set ending at -165. Cells were plated and grown for two days in serum-free media on 
plastic or Polyhema (prohibits cells from adhering that has been shown to cause ECM-like 
differentiation in CID-9 cells) coated plates (2). Lanes 1-5 are DMS and Lanes 6-10 are Potassium 
Permanganate treated. Lanes 1 and 6 are control DNA from a murine cell line 1040.2 that contains the 
MMTV LTR. Lanes 2,4,7 and 9 are undifferentiated cells and lanes 3,5,8 and 10 are differentiated on 
Polyhema. There is a differentiation specific DMS-cleavage at -151 in differentiated cells (arrow: 
lanes 3 and 5) that correlates with a putative ETS-1 binding site as shown in the diagram. 

Figure 3 

The MMTV LTR is transcriptionally down-regulated by inhibitors of histone deacetylase when it 
is integrated into chromatin in stable transfectants or transiently introduced. 

A) MMTV LTR stable transfectants were plated in plastic in differnetiation media (DMEM/F12, 
5ug/ml insulin, 3ug/ml prolactin, with or without lug/ml hydrocortisone (+). Sodium butyrate and 
Trichostatin A were prepared as a 100X stock in water and 100X stock in ethanol respectively. The 
cells were treated 48 hours after plating and harvested 24 hours after treatment. Sodium Butyrate 



(B) was added at 5 and 10 mM and Trichostatin A at 10 and 50 ng/ml. The cells were harvested, 
whole cells extracts prepared, and tested for Luciferase activity. The LTR was inhibited by both 
inhibitors of deacetylase activity. 

B) MMTV LTR-LUC was transiently transfected into CID-9 cells plated on plastic and the cells were 
treated for 24 hours with Trichostatin A in the absence or presence (+) of hydrocortisone . This 
shows that stable integration is not a prerequisite for inhibition of the LTR by inhibitors of histone 
deacetylases and implies that transacting factors are involved. 



Figure 1 

Plastic 

L u c 
U a 
i 
I 
9 

I 
g 
3. n 

25 

20 

15 

10  - 

■ -200 

BiBan2/-200 

■ -870 

■ -1070 

"     IlLTR 

'   . ll 
Pip Plhp 

B 150 

L u 

si 
I g 

?: 

§ e- a. n 

100 

50 

ECM 

1-200 

lBan2/-200 

1-870 

1-1070 

JLTR 

Elp Elhp 



Figure 1 Continued 
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